Model Correlation for Mars Pathfinder
Entry, Descent and Landing Simulation

Chia-Yen Peng*, Sai K. I'sang*, Kenneth Smith’, 1 )ara Sabahi*, Kendra Short*, Ann Mauritz*

*Jet Propulsion 1.aboratory
I"asadcna,CA91109, USA

A bstract  'I'wo multi-body drop tests were
conducted 1o provide data to calibrate and
verify a multi-body dynamics computer
model, which was the major analytical tool
used to study the entry, descent and landing
(1’1 )1,) of the Mars Pathfinder mission.
A general summary of the tests and important
features of the simulation model arc presented
in | his paper. Good correlation bet ween test
results and analytical predictions Werce
achicved. This confirmed the validity and
accuracy of the model used for a subsequent
extensive Monte Carlo effort to study the
dynamics of the 10)1, under various spacccrafl
configurations and Martian cnvironmental
conditions.
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1. INTRODUCTION

Mars Pathfinder is @ $150 million unmanncd
Mars cxploration mission designed by the Jet
I’repulsion l.aboratory to deliver a lander,
carnera and instrument-laden rover to the
Martian surface on July 4, 1997. The
spacecrafl is scheduled to lJaunch from Cape
Canavera in1)ecember 1996.

I:DL Soft Landing Approach

To meet the mission requirements {1], a
sophi sticated and unconventional atmospheric
entry, descent and landing approach has been
developed. As animated in Figure 1, after the
spaccerafl enters the Mars atmosphere, a
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parachute will be deployed to slow descent,
and the heatshield will be jettisoned when it is
no longer needed. As the rest of the spacecraft
parachutes down, the lander will be lowered
by a 20-meter bridle from the backshell and
the rocket’s braking system will engage. The
bridle will then be cut, releasing the lander
surrounded with inflated airbags for a soft
landing on the Martian surface.

I'DL Dynamic Simulation

In order to prove the 111)1, concept and to
predict the system performance, an end-to-end
multi-body dynamic simulation of the entire
111 )1, sequence, Vigure 1, has been performed
using the Al JAMS program|2,3]

>

Figure 1. 1iDI. Dynamic Simulation




Since the Mars Pathfinder 1:1)1, simulation is
essentialto the mission success, the dynamic
mode] uscdin the simulation was verified by
mode] corrclation using the data from two
multi-body system drop tests:

. 11])]/ System Drop Test;
. 1 .ander Separation Drop Test.

2. EDL SYSTEM DROY ‘] 'EST

The ] i1, system drop test was performed over
a two week period, from September 28
through October 12, 1995, in Boisc, Idaho.

The objective was to provide experimental
data to verify the dynamic modclof the Mars
Pathfinder X1, systemin its terminal descent
configuration,

Test Configuration

The test article consisted of a parachute,
backshell and lander, Figurce 2a. The parachute
was constructed in flight configurat ion with a
fabric having a permeability coefficient scaled
to the Martian atmosphere. As required by the
test instrumentation, the parachute canister
had non-flight dimensions. The backshell and
lander were in fdl-scale dimensions to
simulate their flight acrodynamics. The mass
of the backshell and lander was bad on the
3/8th scaled Mars mass. The 20-meter long
lander bridle was the same as flight. The
lander bridle Descent Rate 1imiter (DR 1.) was
adcvelopment test unit assembled by JPI..

Test Measurement

‘J'o provide useful dat a for the subsequent
mode] corrclation, the following system
response was measured:

. Angular positions (x,y) of backshell and
lander;

. Angular rates (z) of backshell and lander;

. Accclerations (x,y,7) of backshell and
lander;

. 1 Jownward dynamic pressurc onlander;

In addition, videos were taken from ground
and backshcll.

Post Processing of Test Data

Since only the systemresponse under 10 Jlz
was of i nterest and the fact that the test data
was sampled at avery highratc of 1 K117, the
test data was reduced and processed in four
steps:

¢ Applied alow-pass filter (0-1() 11~) to the
raw data;

Removed the pre- and post-events, and
then sampled the actual event at a rate of
2(J Nz (This reduced the quantity of data
by 99%.);

Applied aHanning window to the filtered
narrow-band data;

Performed spgetral analyses on the
windowed data using the Jast Fourier
Transform (FFI¥T') technique.

1L)uring the data reduction, it was observed that
all the angular data were unusable duc to the
gyros being severely damaged by ground
impact. As a result, the angular information
had to be recovered from the video recording.

Note that thcre were two video camecras
mounted on the backshel 1. One recorded an
upward view from the backshell to the
parachute; the other a downward view from
the backshcll to the lander. By digitizing, the
videos, two view angles were obtained, onc
up-looking and onc down-looking.

Test A nalytical Model

As shown in Figures 2b and 2c, a three
dimensional multi-body dynamic. model of the
test configuration was developed for the
modecl correlation. This test analytical model,
or ‘I’AM, consisted of a disk gap-band
parachute, backshell, bridle and lander. The
'ITAM was a modified version of tbc dynamic
maodel used in the Mars Pathfinder 1411,
smulation [2].

A nalysis Modal Properties

The analysis  modal  properties  (natural
frequencies, damping and mode shapes) were
predicted by linearizing the TAMin two test
configurations [4]: (1) two-body configuration
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Figure 3a. Two-Body Pendulum Mode
(Before 1.ander Scparation)

I'igure 3b. Entry Body Rotational Modc
(Before 1.ander Separation)
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Vigure 3c. Three-Body Pendulum Mode
(After 1.ander Separation)

Figure 3d. Three-Bod y Fibow Mode
(After 1.ander Separation)

I'igure 3¢. Lander Wrist Mode
(After Lander Separation)

Figure 31 Backshell Rotational Mode
(After 1.ander Separation)




before the lander separation, Figure 2b;
(2) three-bocly configuration after the lander
separation, Figure 2c.

The mode shapes predicted by the TAM are
shown in Figures 3a to 3{. Ducto symmetry,
the system modes are in pairs and only onc of
each pair is shown. The other is similar in
shape, but orthogonal.

Test Modal Properties

IIT" spectra of the acccleration data were
used 10 extract the test modal propertics,
mainly the natural frequencics and damping.
‘Themode shapes were estimated from the
videos. A typica acceleration time history
and the corresponding 1 spectrum  ar c
illustrated in Vigure 4.

Note that the I'l'l" spectra of different time
segments were examined to identify the
syslem modal  propertics for the two test
configurations mentioned above: (1) 15-20 scc
time segment was used for the two-body
configuration; (2) 40-1 1 O scc time segment
was uscdfor the three-bd y configurati on.
The test modal propertics arc listed in “1’able 1.
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Figure 4. Typical Accel. and FI7T" Spectrum

3. Moron, CORRELATION ¥OR EESD TEST
Moss Properties Update
‘1 ‘hc firgt step of the model correlation process

was to thoroughly review and update the mass
propertits.  The mass properties of each

modcled bod y in the ‘1 *‘AM were updated
based upon either the actual measured weight
or the estimates from the CAI> model.

Since the frequencics of the local lander and
backshell modes arc sensitive to their own e.g.
z-coordinates. The z-coordinate of the lander
¢.g. was refined by matching the frequency of
the lander wrist mode, Figure 3c. After the
adjustment of the lander e.g., the backshell
e.g. z-coordinate was updated by correlating
the frequency of theentry body rotational
mode, Iigure 3b.

Damping Cocfficients Adjustiment

Toreflect the high damping observed from the
test data, the clamping of the lander wrist
modc in the TAM was increased to 5% by
adding arotational damper.

Similar to section 4, the 1 )R1. drag cocfficient
was adjusted from the pre-test value of ().()()55
to 0.0073 bascd on the lander deployment
t ime mcasured from the data. This shows that
the 1)R1. introduced more damping during the
test than that predictied by the pre-test ‘1 AM.
As a result, there was very littlc lander
oscillation obscrved at the end of the lander
deployment.

It was also observed that the actual bridle
damping was higher than that assumedin the
prc-test TAM. Based on the amplitude of
snatch acceleration at the end of lander
deployment, the bridle damping was increased
to 10,000 kg/see.

A erodynamic model Correlation

1'he critical parameter for parachute stability is
the aerodynamic coefficient of Cy vs. angle of
attack  which  determines the normal
component of aerodynamic force acting on the
parachute.

The primary 1 1. system drop tcst data
available for veri fying the parachute Cy arc
the up-looking and down-looking view angles.
Since the view angles were strongly dependent
on the backshell aerodynamic stability, the
parachute aerodynamic coefficient C, was
corrclated after the backshell wind tunnel
testing.




In this _
parametrized as. Cy(a) = C,sin(a) + C,sin’(a),
where o is the angle of attack, and C,and C,

study, the parachutc Cy w as

arc two constant coefficients. With the
backshell aerodynamic properties known from
wind tunnel test, a total of 336 EII.
simulation nms were made with possible
ranges of C,and C,. Theresults arc plottedin
Iligures 5a and Sb.

]t was observed that the up-looking view angle
varied between 2 to 6 degrees, and the down-
looking view anglc between] to 2.S degrecs.
‘To reproduce the view angle ranges observed,
the combinations of C,and C, had to be
sclected between the contour lines of 2 and 6
degrees (Iigure 5a) and those of 1 and 2.5
degrees (Figure 5b). The sclected (C,,C,) set
was uscdto define the correlated parachute
acrodynamic mode; for the final Mars
Pathfinder 1:DI. simulation.

TAM Predictions vs, Test Results

The results arc summarized in ‘I’able 1 by
comparing the modal propertics predicted by
the corrclated TAM and those identified from
the test data.

1 n genera] very good agrecement between the
analysis and test modal properties, especialy
the frequency correlation, was achicved.

4. 1, ANDER SEPARATION DROP TEST

‘T'wo lander separation drop (J .SD) tests were
performed al the Missile 1 ingagement
Simulation Arena of Chinal.ake Naval
Weapons Center, (California in Scptember and
October, 1995.

The objectives were to verify that the
mechanical devices for the lander scparation
would function in their flight configuration as
w c]] as to provide test datato validate the
mode] used in the Mars Pathfinder IIDI.
simulation. Confidence in the accuracy of this
software was considered to be critical since it
was 1o be used for a subsequent Monte Carlo
analysis to study the dynamics of the
prototypc spacccraft under various Martian
conditions.

‘T'ablel. 1:SDTe 'Modecl Corr lation Resuli s

Y Tt
Yescription of Mode Shapes Freq. damping | Freq. Damping
e (Hz) (%) (Hz) CE
2-Body Pendulum Modes 01019 145 n/a(rec. | n/a(rec.
(Before Lander Separation) 01019 145 tooshot! | too short)
ntry Body Rotational Modes 08951 55 0.9075 -7
(Before Lander Separation) 0.9118 55 0.9288 -7
3Body Pendulun, Modes 00788 124 00779 ~10
(After Lander Separation) 0.0789 118 0 0780 ~10
3-Bady Elbow Modes 0.2354 0.01 02769 -1
(After Tander Separation) 0.2355 023 02694 ~1
Lander Wrist Modes 0.9891 5.2 09429 ~4
(After Tander Separation) 1.0113 5.3 09502 .4
Kackshell Rolational Modes 1.8817 20 n/a nla
(After Lander Separation) 19711 20 damped) | damped)
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Test Configuration

These tests were conducted at ambient
temperatures and pressures in an indoor
environment to obviate potential complexitics
caused by wind effects.

The set-up is shown in Figure 6. Prior to
scparation the lander was attached to the
Backshell Interface |'late (1111') with six
separation nuts. A drag line was employed to
reduce the snatch force on the lander at the
end of deployment. This drag linc was stored
inside a Descent Rate 1 .imiter (DR1))in the
form of a payout reel located inside the lander
and connccted to a point on the backshell at
the other cnd. The lander was aso connected
to three points on the backshell by a bridle
system comprising a single bridle and a triple
bridle.

Figure 6.1.ander Separation Drop Test Set-udJ

The lander/backshcll assembly was attached to
a crane hook with three flexible parachute-]ikc
bridles. The crane hook was suspended on a
single cable to the cciling of the build ing,.

The stages of deployment is described in
Figure 7.

Twotests were conducted. in 1.SI) Test1, the
backshcll/lander  asscmbly  Was jnitially
suspend ed  verticall]y so that prior to
separation, all initial velocities were zero.
In1.SD Test 2, the backshcll/lander assembly
was pulled with a cable so that it was
suspended slightly off vertical. This cable was
then cutto enable the backshell/lander

assembly to swing in a pendulum motion and
separal ion was initiated whi IC the assembl y

was swinging.
Test Measurement

A string potentiometer, load cells, gyros and
accclerometers were used to measure the
following system response during the tests:

. Separation distance

. Bridle and reaction forces

. T'ranslation/rotational motions and
accelerations of the backshell and lander.

Test A nalytical Models

“1'13c analysis was performed using a
mechanical  systems simulation  softwarc
Al YAMS on allP 735 workstation. The test
analytical models were based on the full
multi-body model described in section 1.

An analytical animation of the separation
event is shown in ligurc8 where the
coordinate system is aiso defined.

The modifications made for the TAMof 1.8
‘lest 1 arc discussed below.

1. Mass properties were adjusted to match
measured values. Updated mass values for
backshclland lander were 104.31 kg and
175.61 kg respectively.

2. All aerodynamic forces were removed
SINCE testing was conducted indoors.

3. Ground boundary condition was imposcd
above the backshell at the ceiling of the
building.

4. Basced on measured deployment time, drag
cocfficient of DRI, was adjusted to a value
of 0.008. This number when multiplicd by
the relative velocity of the two end
markers was proportional to the diag
force.

5. Basedon the amplitude of vertical
oscillation at the end of deployment, the
bridle damping was adjusted to a value of
8000 kg/see. The damping force was
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obtained by multiplying this number by
the relative velocity of the two end
markers.

6. Value of acccleration due to gravity
changed 1o 9.806 m/scc’ {o reflect 1 iarth
condition

The TAMof 1.SDD Test 2 is identical 1o the
mode] for1.SD T'est 1 except:

1. A side force was applied 1o the backshell
to produce the initial pendulum motion.
The magnitude of this force was adjusted
to match the test data

2. Based on measured deployment time, drag
coefficient of DRI, was adjusted to avalue
of 0.009.

5. MODEL CORRELATIONFOR 1 .SD TEST

Important analytical and test results arc
sclected for comparison in this section. ‘1 *hey
wil | be discussed separately for the two tests.

Correlation for LSD Test 1

Figures 9 and 10 show respectively the
verlical displacement of the lander c.g. vs.
time from test and ‘I’AM. The excellent
agrecement in deployment time was obtained
by adjusting the analytical value of the drag
cocfficient Of the DRI1..

‘1 'he backshell rotation about the Y axis from
test and TAM is shownin Figures 11 and 12
respectively.  The corresponding relations
about the X axis is shown in]“i{_’,lll‘("S]:%Hl]d
14,

Very good frequency corrclation is obtained
for both axes for the duration of the landcr
deployment (t ~ 2-12 scc). For rotation about
the Y axis, the predicted oscillation
amplitudes arc gencrally somewhat lower than
those obtained from the test while for rotation
about the X axis, the amplitude corrclation is
initially quite good even though the test data
indicated higher damping during the later
stages of deployment.

Iigures 15 and 16 show respectively the
Jander rotation about the X axis from test and
‘1 ‘AM. 'T'he difference in frequency bet ween
analysis and test result is approximatcly 8%.
1 ixcellent agreement S obtained for the
amplitude of the first oscillation. However, the
higher damping cncountered duri ng test
deployment resulted in a faster decay.
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Figure 8. Animation for 1.SI) Test 1
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‘T'he force in the single riser (cable connecting
backshell1o cci ling) from testand ‘1 "AM is
shown inFigures 17 and 18 respectively.

The analysis predicted the initial force quite
accurately although the snatch force a the end
of deployment was over-predicted. I 'he reason
for this over-prediction may be cxplained by
the higher cnergy dissipation during test
deployment. The actual clamping mechanism
included the breaking of stitches connecting
the bridl ¢ to the petal and was more complex
than the viscous modcl assumed in the ‘I'AM.

Correlation for LSD Test 2

Figures 19 and 20 show respectively the
vertical displacecment of the lander eg. vs.
time from test and TAM. The analysis under-
predicts the time of lander deployment by
approximately 4°/0.

‘1 'he backshell rotation about the Y axis from
test and TAM is shown in Figures 21 anti 22
respect ivel y. Very good amplitude correlat ion
is obtained for the first cycle (initial pendulum
swing). 11 owever, the test hardware exhibited
greater energy dissipation and thc oscillatory
amp] it udes arc general 1y smaller compared 1o
the analysis, particularly for the later stage of
deployment .

Figm es 23 and 24 show respectivel y the
lander rotation about the Y axis from test anti
TAM. Fxcellent agreement iS obtained for the
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Figure 28. Yorce in Single Riser
(TAM)

oscillatory amplitudes and their variation with
time even though the frequency of the
response 1S somewhat over-predi cted by the
anaysis.

The lander rotation about the X axis from test
and TAM is shown respectively in Figures 25
and 26. The analysis accurately predicts the
initial pendulum motion, but over-predicts
both the amplitude and frcquency of the
response during, deplo yment.

The force in the single riser (cable connecting
backshell to ceiling) from test and analysis is
shown Figures 27 and 28 respectively. As for
1.SD Test 1, the analysis predicts the initial
force quite accuratcly although the snatch
force at theend of deployment was over-
predicted.

6. CONCI1 USIONS

As described in sections 3 and 5, in general
very good agrcement between the analytical
predictions and test results was achicved by
model correlation. As a result, the dynamic
model used inthe Mars Pathfinder EDI.
simulation was successfully validated.

The test verified model will be used to
develop adynamic model for the final end-to-
cnd Mars Pathfinder 113}, simulation. The
simulation results will bereviewed to assess
the Mars Pathfinder 11, system performance.
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